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ABSTRACT 
Despite the concrete has been widely used because of its favourable structural properties, 
durability and competitive cost, the concrete volume instability due to temperature variation 
and shrinkage effect, especially during early age, is recognised as a vulnerable disadvantage 
among many other construction materials. Following that, early-age cracking of concrete 
structures due to restrained conditions in practice has been a critical issue that may seriously 
compromise the structural integrity, durability and aesthetics, thereby causing significant 
economic impact.  
 
To date, lot of research about early age concrete properties and thermal cracking phenomenon 
have been carried out, yet there is a knowledge gap remains unsolved. A reliable prediction 
model for each shrinkage component is essential, however, due to limited data available for 
tensile properties and lack of study about many other influencing factors, the existing models 
are not sufficiently reliable. In fact, the creep and autogenous shrinkage determination 
described in Australian Standard, AS3600, is based on compressive data at age generally 
older than 14 days (Khan, 2017). More importantly, no literature provided remarkable 
discussion and application about reference temperature known as zero-stress temperature, 
thereby estimation of absolute thermal effect and early age thermal cracking is desired. 
 
In this research, a new concept of zero-thermal stress temperature (Tz-thermal) based on pure 
thermal stress and a better understanding of early-age concrete properties under different 
temperature are considered as paramount to bridge the knowledge gap. To achieve this aim, a 
Temperature-Stress Test Machine, an advanced early-age concrete test machine developed at 
the University of Queensland, has been utilized to obtain reliable data and then a step-by-step 
numerical method is used to analyse early-age behaviour of concrete. 
 
As a consequence, a significant dependency of Tz-thermal on the concrete temperature is found. 
This indicates the possibility of early age thermal crack control by controlling the concrete 
temperature, thereby Tz-thermal and thermal stress. The initiation time of thermal loading 
significantly influenced the magnitude of the Tz-thermal. Moreover, Tz-thermal at heating phase is 
greater than that at cooling phase. This is thought to be due to different effects of early age 
concrete properties (such as coefficient of thermal deformation and Young’s modulus) at 
different phases. 
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1. INTRODUCTION 
 
1.1 Background 
Concrete is one of the most widely used building materials in the world. It is strong and 
robust construction material that has many favourable properties such as structural properties, 
durability, fire-resistance, energy- carrying capacity, forming properties and aesthetics [9]. 
 
Nevertheless, the nature of concrete volume instability due to temperature variation and 
shrinkage effect, especially during early age, is recognised as a vulnerable disadvantage. 
Moreover, the concrete has considerably low tensile strength and fracture resistance compare 
to other building materials. As a result, the early age thermal cracking of concrete structures 
due restrained conditions in practice has been a critical issue that may seriously compromise 
the structural integrity, durability and aesthetics, thereby causing significant economic impact. 
Figure 1-1 shows an example of concrete crack caused by external restraint. 
 
 
To date, lot of research about early age concrete properties and thermal cracking phenomenon 
have been carried out, yet there is a knowledge gap remains unsolved. A reliable prediction 
model for each shrinkage component is essential, however, due to limited data available for 
tensile properties and lack of study about many other influencing factors, the existing models 
are not sufficiently reliable. In fact, the creep and autogenous shrinkage determination 
described in Australian Standard, AS3600, is based on compressive data at age generally 
Figure 1-1. Example of through-cracking in walls due to external restraint in Steinar Helland, Skanska 
Norge AS [9] 
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older than 14 days [26]. More importantly, no literature provided remarkable discussion and 
application about reference temperature known as zero-stress temperature, thereby estimation 
of absolute thermal effect and early age thermal cracking is desired. 
 
Therefore, it is of great importance to obtain a better understating of the concept of zero-stress 
temperature to estimate thermal effect and many other early age concrete properties to provide 
reliable assessment as well as prediction of early age thermal cracking. 
 
1.2  Objectives of Thesis 
The main objectives of the thesis are: 
 Investigate the evolvement of zero-stress temperature of concrete and influencing factors 
to study possibility of early age thermal cracking; 
 Investigate early age concrete properties applying variation of concrete temperature to 
simulate practical situations as much as possible; 
 Investigate early age concrete deformations applying variation of concrete temperature; 
 
1.3 Overview of Thesis 
In order to achieve the objectives of the thesis, first of all, literature review has been carried 
out to solidify the knowledge about early age concrete. The key important points from the 
literatures are extracted and summarised in Chapter 2 of the thesis. Also, some literature 
components are directly addressed in other chapters as per necessity. 
 
Chapter 3 provides the major proposal of the thesis. Following that, overall experimental 
works carried out during the program and the special test machine and other devices used are 
briefly explained. In addition to note that, the author has assisted PhD candidate, D. Nguyen, 
to complete assembling the components of the test machine, namely temperature-stress test 
machine, 9 months prior to commence the Master of Engineering Science degree. The 
particular concrete mix design as well as testing procedures are described At last, a special 
methods of data analysis is explained. 
 
In Chapter 4 and 5, test results obtained in the study are summarised and analysed in relation 
to the objectives of the thesis. The key findings in this study are presented. Also, the 
verification of the test machine and the analytical methods is carried out. At last, a summary 
and the recommendation for the future study are discussed in Chapter 7 and 8. 
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2. LITERATURE REVIEW 
A literature has been reviewed to understand the basic properties and behaviours of concrete 
during early-age. A past study of early age concrete by many researchers have been reviewed 
to clarify the remaining knowledge gap related to early age thermal cracking of concrete 
structures as well as limitation of prediction models of concrete properties proposed in many 
design standards. The remarkable points of the early-age properties and relevant papers have 
been extracted and summarised in this chapter.  
 
2.1 Fundamentals of Concrete 
In this section, a fundamental knowledge of concrete has been briefly reviewed to provide 
better understanding about properties and deformations of concrete related to early age 
thermal cracking discussed in following sections. The composition of concrete and the basic 
chemistry of cement are covered.  
2.1.1 Concrete Composition 
Concrete is mainly consisted of hydraulic cement and water, which makes up what is called 
the cementing medium. However, the concrete in general is consisted of a mixture of 
cementitious materials, mixing water and aggregate. Figure 2-1 represents a basic 
composition of concrete as well as its proportion commonly used. Supplementary 
cementitious materials (SCMs) and admixtures may also be added into concrete to enhance 
specific properties [39].  
The concrete properties are governed by the properties of the hydrated cement paste and the 
aggregate, and by the presence of interfaces between them [33]. 
Figure 2-1. Basic composition of concrete includes cement, water, fine aggregate and coarse aggregate [39] 
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2.1.2 Basic Chemistry of Cement 
The four major compounds constituting the cement are known as tricalcium silicate, 
dicalcium silicate, tricalcium aluminate and tetracalcium aluminoferrite. Table 2-1 shows the 
main compounds in Portland cement. 
Among these compounds, the silicates, C3S and C2S, are considered as most important as 
they are responsible for the strength of hydrated cement paste. Once the other hand, the 
presence of C3A in cement is undesirable, since it contributes little or nothing to the strength 
of cement except at early ages, and when hardened cement paste is attacked by sulfates, the 
formation of calcium sulfoaluminate (ettringite) may cause disruption. However, C3A is 
beneficial as it facilitates the combination of lime and silica during the manufacture of 
cement. Small quantities of C4AF is also present in cement and, compared with other 
compounds, it does not affect the behaviour significantly. However, its reaction with gypsum 
to form calcium sulfoferrite and its presence may accelerate the hydration of the silicates [33]. 
 
In addition to the main compounds constituting the cement, there are some minor compounds, 
such as Na2O, K2O, MgO and TiO2, exist in amount not more than a few per cent of the mass 
of cement. Among them, the oxides of sodium (Na2O) and potassium (K2O), which are 
known as alkalis, have been found to react with some aggregates, and the reaction products 
cause disintegration of the concrete. Also, such reaction products have been observed to affect 
the rate of the gain of strength of cement [33]. 
  
2.2 Early Age Thermal Properties 
A brief overview of thermal properties of early age concrete is given in this section to provide 
clear understanding of the significance of heat of hydration and coefficient of thermal 
deformation on early age thermal cracking of concrete structures. The remarkable history of 
hydration heat development, immediately after cement meets water, is summarised 
considering different phases of early age concrete. Moreover, the relationship between the 
development of concrete mechanical properties and the rate and degree of hydration are 
Table 2-1. Main compounds in Portland cement [33] 
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concisely reviewed. Further detail about early age mechanical properties and concrete 
deformation are discussed in following sections.  
2.2.1 Heat of Hydration 
When cement contacts with water, an exothermic chemical reaction, known as hydration, 
occurs and liberates significant amount of heat. The quantity of heat (in joules) per gram of 
unhydrated cement, evolved upon complete hydration at a given temperature, is defined as the 
heat of hydration. For the usual range of Portland cements, about one-half of the total heat is 
liberated between 1 and 3 days, about three-quarters in 7 days, and nearly 90 per cent in 6 
months [33]. 
 
The heat of hydration is dependent on the chemical composition of cement, and is 
approximately equal to the sum of the heats generated by individual pure compounds when 
their respective proportions by mass are hydrated separately. Table 2-2 shows typical values 
of heat of hydration of pure compounds. As shown in the table, the C3A, tricalcium aluminate, 
and C3S, tricalcium silicate, liberate significant amount of hydration heat. Thereby, reducing 
the proportions of C3A and C3S may reduce the heat of hydration of the cement [33]. 
 
Table 2-2. Heat of hydration of pure compounds [33] 
 
In study of early age concrete, the rate of heat development is considered more important than 
the total heat of hydration. This is because the same total heat produced over a longer period 
can be dissipated to a greater degree with a consequent smaller rise in temperature. The rate of 
heat development is affected by the temperature at which hydration occurs. The fineness of 
cement also affects the heat development rate, but not the total amount of heat liberated [33]. 
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The cement hydration process involves five different stages; Mixing, Dormancy, Hardening, 
Cooling and Densification. From early stage to later stage, the development of the heat of 
hydration varies remarkably, and the cement paste changes from fresh plastic phase to 
hardening phase. Figure 2-2 schematically represents the stages of hydration process and the 
development of heat of hydration at each stage. 
Figure 2-2. Stages of hydration proces [39] 
 
At Mixing stage, a considerable amount of heat is liberated for a short period of time, as 
represented in the Figure 2-2. This instant peak of hydration heat liberation is caused by 
vulnerable reactions between aluminates and water. The aluminate reactions are controlled by 
adding gypsum. The fast-dissolving gypsum reacts with the dissolved aluminate and water to 
create a gel-like substance that coats the cement compound. The coating slows the aluminate 
reactions almost as soon as they start, reducing the amount of heat generated and the potential 
for flash set [39]. This peak is usually one magnitude higher than the next peak reached 
between Hardening and Cooling stages [37]. 
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Next, at Dormancy stage, little heat is dissipated and little physical changes occur in the 
concrete. During this stage, drying shrinkage, which is reviewed in later section, many result 
before the final set. This stage generally lasts for about 2-4 hours [37]. 
 
During hardening stage, a significant amount of heat is liberated by C3S. The measurable 
mechanical properties starts to develop, hence the early age strength is now gained. A rapid 
rate of hydration, significant amount of heat and development of strength happens before the 
final set [37]. 
 
After the harden stage, the concrete continues to gain strength during Cooling stage. At this 
stage, the concrete temperature starts to be dominated by surrounding temperature. The tensile 
stress starts to develop due to temperature and drying effect. At last, the Densification stage 
continues for years, and the concrete continues to develop strength and reduction in 
permeability [37]. 
2.2.2 Degree of Hydration 
Once the concrete has hardened, it will still continue to have volume changes for a very long 
period as the cement is still slowly reacting [23]. The degree of hydration is a term used to 
constitute a measure of how far the reactions between cement and water have developed. The 
notation is given to indicate that, α = 0 means that no reactions have occurred, and α = 1 
means that complete hydration has been reached. Since the hydration of the cement is based 
on several simultaneous chemical reactions, it cannot be described by means of any single 
parameter. In general, however, the degree of hydration is sufficient for describing the 
hydration of the cement [1].  
 
Different definitions are used to express degree of hydration for different purposes of study. 
One of the definition of degree of hydration may expressed as below: 
 
𝛼 =
𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑐𝑒𝑚𝑒𝑛𝑡 𝑔𝑒𝑙 𝑓𝑜𝑟𝑚𝑒𝑑
𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑐𝑒𝑚𝑒𝑛𝑡 𝑔𝑒𝑙 𝑓𝑜𝑟𝑚𝑒𝑑 𝑎𝑡 𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒 ℎ𝑦𝑑𝑟𝑎𝑡𝑖𝑜𝑛
 
Equation 2-1 
 
For further information about definitions, reference [1] is recommended. 
The Figure 2-3 represents the typical steps of hydration process of cement paste. As shown on 
the figure, a significant decrease of porosity with increase of the degree of hydration is 
depicted. 
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Figure 2-3. Typical hydration process of cement paste (left to right) [23] 
 
From the literatures, the significant relationships between the degree of hydration and many 
early age concrete properties have been reviewed. As an example, a linear relationship with 
satisfactory approximation between the compressive strength and the degree of hydration is 
shown on Figure 2-4. It is concluded that factors which affect the hydration process will also 
affect the development of the material properties [1]. 
 
Figure 2-4. Relation between compressive strength in cement paste with various w0/c and degree of 
hydration [1] 
 
Moreover, a proportional relationship between chemical shrinkage and the degree of 
hydration, found by Holt (2001) [23], is shown in Figure 2-5.  
  
 
Figure 2-5. Degree of hydration and chemical shrinkage over time [23] 
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2.2.3 Coefficient of Thermal Deformation 
Coefficient of thermal deformation is one of the most important thermal properties of 
concrete, which is directly related to thermal deformation. It is dependent on many parameters 
including cement type, aggregate, mixing proportion, water-to-cement ratio, temperature, 
relative humidity, and age of concrete. Since the coefficient for cement paste is higher than 
the aggregate, the coefficient for concrete is affected by the two values and their volumetric 
proportions and elastic properties. Moreover, the aggregate restraints the thermal deformation 
of cement paste, thereby causing thermal stress [33]. 
 
The coefficient of thermal deformation of cement paste has two components; true thermal 
coefficient and hygrothermal expansion coefficient. The former is caused by molecular 
movement of paste and the latter is due to increase in internal relative humidity (water vapour 
pressure) as the temperature increases, with a consequent expansion of the cement paste. If 
the cement paste is totally dried or saturated, the hygrothermal expansion is considered to 
have zero effect due to the water vapour pressure ceases to increase [33]. 
 
The coefficient is significantly high after few hours. This was found by Alexanderson in 
(1972) [37]. For hardening concrete, the coefficient increases over time due to self-desiccate 
and decrease of relative humidity in pore system. This is shown in Figure with variable water-
to-binder ratio [9]. 
 
Since the concrete mix studied in the thesis has water-to-cement ratio of 0.41, the coefficients 
of similar mix designs obtained by past researchers have been reviewed. The Figure 2-6 
shows the coefficients obtained by Bjontegaard (2011) from based on w/c=0.40-0.50. It is 
shown that the coefficient of thermal deformation increase over time.  
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The coefficient of thermal deformation of concrete is considered in two different phases; 
thermal expansion and thermal contraction. The values of the two coefficients are found to be 
different, such that thermal expansion coefficient was relatively larger than the contraction 
coefficient. In fact, Lofkvist (1946) found that the coefficient is lower in the cooling phase 
than in the heating phase of the hydration, where the value in heating phase was 
approximately 12E-6/°C and 6E-6/°C in cooling phase. Similar behaviour has been observed 
by Emborg in 1989 [37]. 
 
2.2.4 Zero-Stress Temperature 
Zero-stress temperature is the respective temperature at which the stress of the concrete is 
zero. To provide brief idea, a typical example of temperature variation at early age is shown 
in Figure 2-8 (a). During the evolution of concrete temperature, a some point of time, concrete 
stress reaches zero before revers initially from compression (due to initial thermal expansion) 
to tension (due to cool-down of concrete temperature). The temperature at the reverse point is 
defined as zero-stress temperature [35]. 
 
The concept of the zero-stress temperature is believed to be first considered by R. 
Breitenbücher (1990) and Springenschmid et al.(1994) [11, 35, 41]. 
Figure 2-6. Measurement of coefficient of thermal expansion over time for different 
concretes with variable water-to-binder ratio [33] 
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The value of zero-stress temperature is dependent on the heat of hydration, the coefficient of 
thermal deformation, the development of Young’s modulus and the relaxation of the concrete 
as well as on non-thermal effects such as chemical shrinkage or swelling of the cement [41]. 
 
2.3 Early Age Mechanical Properties 
Concrete properties at mature age have been widely studied and, as a result, sufficient amount 
of data are available, and reliable prediction models are proposed. However, the past studies 
about the early age concrete properties, especially early age tensile properties, are limited due 
to the nature of time-dependent development of properties during early age, and the difficulty 
of conducting experimental tests. In fact, lack of past studies and available data of early age 
tensile properties limited the development of reliable prediction model of tensile properties, 
hence applicable crack control. 
In this section, a brief overview of the mechanical properties of early age concrete are 
discussed to provide better understanding of the significance of each property in relation to 
early age thermal cracking. 
Figure 2-7. (a) Definition of Zero-stress Temperature, Tz; (b) Effect of Tz on intrinsic stress throughout the 
thickness of a concrete wall [41] 
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2.3.1 Young’s Modulus 
Young’s modulus of concrete is an important mechanical property related to the concrete 
stiffness, therefore knowing its development at early age is significant in determination of 
early age restrained stress. 
The Young’s modulus of early-age concrete develops in a way very similar to compressive 
and tensile strength [1, 14, 36, 37]. In fact, Dao et al. (2009) studied early age concrete using 
uniaxial direct tensile testing apparatus and found that the development of tensile Young’s 
modulus was essentially similar to that of tensile strength, although the Young’s modulus data 
are more scattered due mainly to the more subjective nature of its determination [14]. The test 
results are shown in Figure 2-9.  
Note: a-b, where a=28-day compressive strength (MPa), b=slump (mm) 
 
 
 
In addition, Nguyen et al. (2017) found that the early age Young’s modulus from direct 
tensile test was negligibly small during the first 5 hours or so but then started to increase 
quickly thereafter. Also, a very strong linear relationship between the direct tensile strength 
and Young’s modulus for the concrete at age of 10 hours after mixing was found [36]. For 
further conclusions made relevant to direct tensile strength and Young’s modulus, reference 
[36] is recommended. The development of Young’s modulus is more rapid than the 
compressive strength at early ages but, at later age, the compressive strength development 
becomes more rapid [1]. 
 
The Young’s modulus at early age can be measured in similar to the hardened concrete, at 
which the Young’s modulus is determined as the secant modulus at 1/3 of the ultimate 
Figure 2-8. Development of the early age tensile strength and tensile Young’s modulus of different mix designs; 
(a) Tensile strength vs. Age of concrete (b) Young’s modulus in tension vs. Age of concrete [14] 
23 
 
strength after a certain number of repeated loadings. However, since at early ages the stress-
strain curve deflects very quickly, such procedure can only be used for estimation of E-
modulus [1]. The magnitude of the observed strains and the curvature of the stress-strain 
relation depend on some extent on the rate of application of load. Therefore, when the load is 
applied extremely rapidly, the resultant strains are greatly reduced and the curvature of the 
stress-strain curve becomes very small [33]. 
 
From literature, the Young’s modulus in tension was found to be greater than in compression. 
From the study of Hagihara et al. (2000), the Young’s modulus in tension was about 15% 
higher than in compression. Similar result was found by Atrushi (2003) that the Young’s 
modulus in tension was about 11% higher than in compression [24]. 
2.3.2 Compressive Strength 
Since the compressive strength, along with the Young’s modulus, is one of the most 
important parameter in structural analysis, the development of compressive strength is one 
of the most intensively studied parameters after all [37]. 
 
The compressive strength at early age increases exponentially, and ceases after few days. 
The strength growth rate then becomes slow, but never ceases completely. The rate of 
strength increase can be significantly influenced by the temperature and use of admixtures. 
The addition of a superplasticiser can increase the one-day strength, maintaining constant 
water-to-cement ratio [1].  
 
The development of the compressive strength is dependent on a large number of factors. The 
most important factors are the type and make of cement, water-to-cement ratio, admixtures 
and curing conditions (temperature, access of water) [1]. Figure 2-10 shows in principal the 
influence of the temperature with a linear and logarithmic time axis and the water-cement 
ratio only with a logarithmic time axis. 
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Figure 2-9. Schematic graphs showing in principle the effects of temperature and water-cement ratio on 
strength grain [1] 
 
From the graph, it is shown that the compressive strength develops earlier as the temperature 
is raised (a). Also, the temperature effect on the lateral parallel displacement of the curve is 
shown on the graph with logarithmic time axis (b). The water-to-cement ratio has no notable 
effect on the time when the compressive strength starts to develop. However, the lower the 
water-to-cement ratio gives a higher development rate of strength [1]. The figure 2-10 shows 
the development of compressive strength in concrete with various water-to-cement ratios, 
studied by Byfors (1980). 
 
Figure 2-10. Compressive strength gain in concrete with various w/c studied by Byfors (1980) [1] 
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Furthermore, Kasai (1962) and Byfors (1980) have studied the influence of the consistency of 
fresh concrete on the strength development and found that, the time on when the concrete 
setting takes place did not affected the strength gain at constant water-cement ratio [1]. 
 
In order to conduct experimental test to study compressive strength of early age concrete, 
standardized specimens can be used with certain care. Table 2-3 presents a number of 
examples of specimen dimensions used in the literature. It is important to consider that, the 
use of excessively large specimen dimensions may increase temperature in the specimen 
(due to heat of hydration) and affect the strength development. Therefore, it is suggested to 
use the specimen with dimension at least 2.5-3 times larger than the maximum aggregate 
size [1]. 
Table 2-3. Example of specimen dimensions for determining compressive strength at early age (Properties 
of set concrete at early ages [1] 
 
2.3.3 Tensile Strength 
A solid understanding of the development of tensile strength of concrete is important for the 
prediction of crack initiation. In fact, when the tensile stress induced within the concrete 
reaches tensile strength, the crack initiates. 
 
The tensile strength of concrete can be determined from several different methods, which are 
divided into three main groups; uniaxial tensile test (vertical and horizontal), ring test and 
splitting test. Among these test methods, the uniaxial tensile test is believed to give the best 
estimation of the real tensile strength of concrete. Nevertheless, such uniaxial tensile test data 
are limited in literature due to the difficulty of conducting the uniaxial tensile test [1, 14, 17, 
35, 36, 37]. This is due to the problems with self-weight and frictional forces, which become 
significant in early age. Specimens tested in upright position are influenced by self-weight 
while the specimens that lay down are influenced by friction against the subbase [37]. 
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To study the uniaxial tensile strength as well as other tensile properties of early age concrete, 
V. Dao (2007) has developed and introduced an advanced direct tensile testing apparatus. 
Figure 2-12 shows the introduced direct tensile test apparatus and the employed test mould 
with dimensions given. The test apparatus is comprised an air-bearing box, which allows to 
float the test specimen to effectively eliminate friction between the specimen and the 
supporting base, and a lever arm attached to a small steel frame, so the direction (but not the 
magnitude) of the force applied through the reference load cell is allowed to be altered [14]. 
This direct tensile test apparatus is further improved by D. Nguyen et al. (2016), who 
employed Digital Image Correlation (DIC) to capture desired deformation in a non-contact 
way [16]. 
      (a)                                                                     (b) 
 
As a result from uniaxial tensile test conducted by Dao et al. (2009), they found that the 
tensile strength increased slowly during the first few hours from mixing (approximately 
10kPa at age of 3 hours) and then, in the next 3 hours, the strength increased almost tenfold, 
reaching approximately 100kPa. Therefore, Dao et al. (2009) concluded than every additional 
hour of protection that can be afforded to the concrete in the field can be very important in 
preventing early age cracking [14]. This test result is shown in Figure 2-9 in section 2.3.1. 
 
The development of tensile strength of concrete at early-age is mainly influenced by the same 
factors that influence the compressive strength. From the study of uniaxial tensile strength by 
Weigler and Karl (1974), they found that the uniaxial tensile strength grows linearly with the 
compressive strength at an early age and with a tensile to compressive strength ratio about 
0.08 [1]. 
Figure 2-11. Direct tensile test apparatus introduced by V. Dao (2007); (a) Schematic illustration of 
tensile test apparatus and (b) Front view and plain view of tensile test mould [14, 16, 17, 35, 36] 
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Kasai et al. (1971) extensively studied uniaxial tensile strength of early age concrete and the 
results are presented in Figure 2-13 [1]. The effect of water-to-cement ratio, cement types and 
consistencies on the uniaxial tensile strength increase are presented in the figure. From the 
result, it is shown that the development of strength is significantly low at first 2-5 hours from 
mixing, but then rapidly increases until age about 10 hours. Such development trend is 
similarly observed in compressive strength test. The approximate maximum tensile strength at 
age of 28 days is about 2-4N/mm2, which is significantly lower than the typical maximum 
compressive strength of concrete.  
 
 
Since the concrete mix design employed in this study uses Type 1 Class N general purpose 
cement, w/c of 0.41 and slum of 80mm, the tensile strength results from the Figure 2-13 
(Ordinary Portland cement, w/c=0.4 and slump=7cm) is applied to predict the approximation 
of the development of tensile strength of the concrete mix studied in the later section. 
 
 
 
 
 
 
 
Figure 2-12. Uniaxial tensile strength gain for varying cement types and w/c obtained by Kasai et al. (1971) [1] 
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2.4 Concrete Deformation 
Deformation of concrete at early-age is considered significant due to its potential of crack 
formation at restraint condition, and its further propagation leads to impairment of durability, 
structural integrity, and aesthetics of concrete structure. Such deformation can be partially 
caused by applied load, however volume changes due to shrinkage and temperature variation 
are considered important [33]. In fact, most of concrete structures in practice are partially or 
wholly restrained, which results stress induction. When the induced restrained stress is in 
tension and exceeds developed tensile strength, the crack formation will tend to initiate and, 
eventually, leads to failure. 
In the following sections, the most considerable deformation components are reviewed. 
2.4.1 Chemical and Autogenous Shrinkage 
During mixing process, a chemical reaction, known as hydration, proceeds when cementitious 
content contacts with water and, as a result, the volume of hydrated product fills lesser than 
the volume of unhydrated cement and water. This phenomenon of absolute volume reduction, 
first observed by Le Chatelier, is called chemical shrinkage. This process is mostly influenced 
by water-to-cement ratio and type of cement and admixture [43]. 
 
After the initial setting, the formation of pore structures in the hardened cement body and 
reduction of free water due to ongoing hydration of cement leads to self-desiccation. 
Autogenous shrinkage is a macroscopic contraction of concrete due to capillary forces and 
negative pore water pressure created by the self-desiccation. This type of shrinkage is 
considerable when the water supply from outside during hydration process is insufficient. The 
autogenous shrinkage is significant in terms of concrete stress development, especially in high 
strength concrete [9]. For a normal strength concrete, the autogenous shrinkage is very small, 
typically 50 − 100 × 10−6, but larger in high performance concrete [33].  
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2.4.2 Thermal Deformation 
Hydration is an exothermic chemical reaction that releases heat of hydration significantly. 
Such evolvement of hydration heat reaches peak during early age and, then, decreases to 
thermal equilibrium with the surrounding. Therefore, the concrete temperature increases to 
maximum when the heat of hydration is significantly higher than surrounding and, as a result, 
the concrete expands. After the peak temperature, the surrounding temperature becomes 
dominant to hydration heat, thereby concrete starts to contract as it cools down. In fact, the 
concrete deformation in practice involves expansion and contraction depending on the 
temperature variation.  
The temperature gradient along the cross-section of concrete, due to heat generation inside 
and significant heat dissipation on surface, is very common in massive concrete structures. As 
a result, thermal deformation gradient provides internal restraint. 
A general relationship of thermal deformation and temperature variation is given by: 
𝜀𝑇ℎ = 𝛼𝑇 ∙ ∆𝑇 
, where 𝜀𝑇ℎ  is thermal strain, 𝛼𝑇  is thermal expansion coefficient and ∆𝑇  is temperature 
variation [9]. 
2.4.3 Creep Strain 
Creep is an increase in strain under sustained constant load, excluding other time-dependent 
deformations such as shrinkage, swelling and thermal deformation [33]. The creep is very 
important parameter in consideration of concrete crack. For the restrained concrete structure 
inducing a shrinkage-induced stresses, the creep relaxation will relieve the stress, thereby 
delay crack initiation. 
Tensile creep and compressive creep show different characteristics, especially at early-age 
(Khan, 2016). Due to limited availability of tensile creep data, the many existing models to 
predict behaviour of restrained concrete are based on compressive creep. Therefore, the 
reliability of the models is quite limited [1]. Figure 6 shows creep at constant load and secant 
modulus of elasticity, E, at age t0. 
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2.5 Laboratory Test 
2.5.1 Temperature-Stress Test Machine 
Temperature-stress Test Machine, namely TSTM, was first introduced in 1984 by E. 
Gierlinger and R. Springenschmid at the Institute of Building Materials of the Technical 
University of Munich. It is a unique concrete test machine that allows to measure thermal and 
non-thermal deformation and resulting restrained stress of early age concrete at any desired 
concrete temperature profiles [41]. Figure 2-14 shows schematic diagram of the first TSTM 
built in 1984. 
Figure 2-14. First Temperature-stress Test Machine built in 1984 by E. Gierlinger and R. Springenschmid [41]  
 
Figure 2-13. Creep under constant stress [33] 
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A desired concrete temperature profile is achieved by employing temperature controlled 
mould, thus influence of temperature on the early age concrete in practice can be simulated at 
laboratory. A beam of concrete specimen is horizontally placed and each end or head is 
dovetailed; one end is fixed and the other is moveable. By controlling the moveable head, a 
desired degree of restraint is achieved and, due to this restrained condition, the restrained 
stress is induced by either thermal or non-thermal deformation. The restrained stress is then 
measured by a load cell installed at moveable head. The concrete deformation is measured by 
the use of displacement measuring sensors. Consequently, the TSTM is known as the most 
ideal test machine, which allows to measure concrete temperature, deformation and stress 
simultaneously, thereby early age concrete at any condition in practice can be simulated and 
study early age thermal cracking [41]. 
 
The development history of the temperature-stress test machine with remakable 
improvements and extended applicability is summarised in Figure 2-15. 
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Figure 2-15. Development history of TSTM [35] 
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3.  METHODOLOGY 
In this chapter, a new concept of Zero-thermal Stress Temperature is proposed, and its 
significant role in estimation of absolute thermal deformation/stress as well as remaining 
knowledge gap are discussed. To study this, a newly developed temperature-stress test 
machine with significant improvements over previously designed test machines is introduced 
in this study. The testing procedures as well as particular concrete mix design employed 
during the research are briefly discussed. 
For supplementary information, the development of compressive strength and compressive 
Young’s modulus of the concrete specimens are determined from cylinder compression test 
applying strain gauges. 
In the last sections, the methods to isolate thermal components from TSTM test results as well 
as creep determination are explained. 
 
3.1 Proposed New Concept of Zero-thermal Stress Temperature 
The concept of zero-stress temperature (Tz) and its significance role in thermal deformation 
and stress determination have been discussed in many literatures [16, 35, 41, 47, 48]. 
Nevertheless, the Tz, studied by earlier researchers, has mostly been determined based on total 
stress measured from the test, so the total effect of thermal deformation and non-thermal 
deformation, such as autogenous shrinkage, had to be taken account. As a result, the absolute 
value of thermal stress cannot be studied based on the previous definition of Tz. Consequently, 
it is inappropriate to apply Tz in determination of thermal cracking risk and its control [16, 35].  
 
In this study, a new concept of zero-stress temperature, namely Zero-thermal Stress 
Temperature (Tz-thermal), is proposed, that is purely based on thermal stress. By applying this 
new concept of Tz-thermal, the pure thermal stress is re-expressed as: 
𝜎𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 𝐾 ∙ 𝑅 ∙ 𝐸𝑐 ∙ [𝛼𝑐 ∙ (𝑇𝑧−𝑡ℎ𝑒𝑟𝑚𝑎𝑙(𝑡) − 𝑇(𝑡))] 
Equation 3-1 
Where:  
𝜎𝑡ℎ𝑒𝑟𝑚𝑎𝑙 – ‘Pure’ thermal stress 
K – Creep factor 
R – Degree of restraint 
𝐸𝑐 – Elastic modulus of concrete 
𝛼𝑐 – Coefficient of thermal deformation 
𝑇𝑧−𝑡ℎ𝑒𝑟𝑚𝑎𝑙 – Zero-thermal stress temperature at time t 
T – Concrete temperature at time t 
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The Tz-thermal has significant role in estimation of absolute thermal deformation and stress, 
such that it is the reference temperature corresponding to thermal stress being zero. Therefore, 
when the concrete temperature is smaller than Tz-thermal, the restrained thermal stress is tensile 
and, conversely, compressive thermal stress for larger concrete temperature. Despite the 
significance of the Tz-thermal, the evolution of the Tz-thermal beyond the first heat cycles and the 
factors influencing this evolution have never been investigated [16]. 
Therefore, in this study, the primary objective is focussed on the investigation of the evolution 
of Tz-thermal and the key influencing factors, thereby early age thermal cracking risk is assessed. 
 
3.2 New Temperature-Stress Test Machine 
To study zero-thermal stress temperature, a new Temperature-stress Test Machine (TSTM) is 
designed and introduced by D. Nguyen (2017) at the University of Queensland [35]. This is 
shown on the Figure 3-1. The TSTM is comprised of a concrete mould placed on a working 
bench; one end is fixed on the steel frame where the other end is moveable. The load cell, 
screw jack and stepping motor are connected to the moveable head so the internal stress 
induced within the concrete specimen is directly measured and recorded by special in-house 
designed software. Between the two steel frames, two rods made of type G250 steel are used 
to fix the frames on each side of the mould to prevent any movement while testing. The heater 
and chiller were utilized to provide temperature controlled water to enable input design 
temperature profile of concrete specimen. Further details about the components as well as the 
significant improvements are discussed in the following sections, and recommended in [35]. 
Figure 3-1. Newly developed temperature-stress test machine by D. Nguyen at the University of 
Queensland 
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3.2.1 Improved Temperature-Controlled Concrete Mould 
The concrete mould is designed to study a beam specimen having a cross-section area of 
80x80mm2 and 800mm length long. The mould is composed of 4 plates; top, bottom and two 
sides. Each plate has two water channels (10x10mm C.A) inside that allows temperature 
controlled water to flow through, hence the temperature of the concrete mould is controllable.  
 
The water temperature is controlled by in-house designed automatic system, which allows to 
control heater (Boe-Therm Temperature Controller) and chiller (Coolpak GR2A). Therefore, 
various design temperature profiles of concrete is can be provided within a range of 8-95°C so 
the realistic temperature conditions is achievable. The water flows along the length of the 
specimen via two channels on each plate with alternative directions so the temperature 
distribution is achieved more uniformly. The flow speed of the water is approximately 1.0-
1.5m/s. Figure 3-2 (a) represents the water channels embedded in each plate as well as 
direction of flow indicated. 
 
 
Figure 3-2. Heat transfer design of concrete mould: (a) Water channels embedded in each plate and (b) 
Insulation components applied on the concrete mould [35] 
 
The plates are made of high thermal conductive material of aluminium alloy 6061, which has 
thermal conductivity coefficient of 167W/mK at 25°C. Therefore, the heat transfer from the 
mould to concrete is achieved more efficiently. This is one of the key improvements to 
control the concrete temperature in the new TSTM compare to the previous designs, in which 
the temperature controller was attached on outside of metal formwork so the heat transfer 
efficiency was strongly depend on conditions of contact surfaces and formwork thickness [35]. 
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To prevent heat loss to surrounding atmosphere and increase the efficiency of temperature 
control of the specimen, additional insulation layers with high thermal resistivity has been 
applied to cover the mould. The coefficient of thermal conductivity and resistivity of the 
insulation layers of 40mm thickness at 23°C are 0.0394W/mK and 0.963 W/mK, respectively. 
For further insulation, a timber frame has been designed to surround the insulation. The 
Figure 3-2 (b) shows the components of insulation and the concrete mould in cross-section 
view. 
 
A Teflon coating (Dupont 420-104) has been applied on internal surfaces of the mould to 
minimize friction between the concrete specimen and the mould. Moreover, protection of the 
plates from corrosion due to wet cement paste is also provided by the coating. 
 
The concrete mould is placed horizontally on a working bench, and dovetail-shaped steel 
heads (G250) are designed for each end to grab the specimen; one end is fixed to the steel 
frame and the other end is moveable. The dovetail-shaped head is designed to have rounded 
geometry the stress concentration in head is minimized while the stress is being measured. 
3.2.2 Improved Displacement Measurement System 
In order to obtain representative deformation of the concrete specimen at core with higher 
accuracy, a combination of very sensitive laser sensor and linear variable differential 
transformer (LVDT) has been used on each end of the specimen. Figure 3-3 shows laser 
sensor (bottom) and LVDT (top) installed at fixed end side.  
 
Figure 3-3. Representative deformation of concrete measured by collaboration of laser sensor and LVDT 
Laser Sensor 
LVDT 
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Since the magnitude of concrete deformation varies from the core to near the surface due to 
different temperature distribution, restraint conditions, shrinkage, heat of hydration and other 
factors, a rigid bar is embedded into the concrete at specific depth during the test setting time 
to allow measurement of the horizontal displacement at two different heights; displacement at 
low and high heights are measured by laser sensor and LVDT, respectively. Once the 
displacements of the bar at two different heights are measured, a simple trigonometry has 
been applied with predetermined dimension of the measurement setup to determine the core 
deformation of concrete at each end. Therefore, the representative deformation of the concrete 
is determined by summing the deformations measured at both ends of the specimen.  
The Figure 3-4 represents the calculation of the deformation using trigonometry.  
 
The embedded bar is made of invar, which has extremely low coefficient of thermal 
expansion, hence influence of its thermal deformation on displacement measurement is 
minimised. A rod used to hold the sensors is also made of invar to ensure the displacement 
measurement system is not affected by the rod’s thermal response. 
3.2.3 Improved Temperature Measurement System 
A study of temperature variation of concrete is critical to understand the concrete behaviour in 
practice, especially thermal deformation and other shrinkage components (e.g. autogenous 
shrinkage). Therefore, determination of appropriate representative concrete temperature is 
significant to understand its correlation with concrete deformation as well as other early age 
properties. To accomplish this, a combination of specially designed thermocouples with high 
accuracy and less noise, and weighted averaging technique has been applied. Further 
information about thermocouple and its calibration is discussed in following section.  
Figure 3-4. Determination of representative deformation at core of the specimen by applying trigonometry [35] 
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Since the heat transfers directly from the plates to the concrete surface, or vice-versa, and the 
concrete has low thermal conductivity, the temperature distribution from the surface to the 
core is expected to be significantly different before it becomes relatively uniform over the 
cross-section after long period of time. Also, it is important to note that, due to small volume 
of the concrete specimen compare to the actual concrete structures and the use of normal 
strength mix design, the effect of accumulated hydration heat in the core is not greater than 
the heat produced by the plates. Therefore, in this thesis, the heat of hydration of the specimen 
is neglected and the concrete temperature is assumed to be dominated by the temperature-
controlled mould. 
 
To measure the concrete temperature in the core and the surface, two wire-frames made of 
copper (1.2mm in diameter) have been used to place the thermocouples on desired locations 
within concrete by simply attaching on the wire-frames. It is ensured that, the temperature 
detecting surface is facing towards the concrete so the temperature measurement is not 
interrupted by wire temperature. The thermocouples are attached in clockwise order, starting 
from the end to the middle of specimen, for convenient reading of recorded data. The 
arrangement of the thermocouples on the wire-frame is shown on the Figures 3-5.  
 
Figure 3-5. Arrangement of thermocouples on wire-frames: (a) Clockwise arrangement of thermocouples 
on each wire-frames and (b) Two wire-frames placed at end and middle of specimen [35] 
 
To determine the representative temperature of concrete at each positions (end and middle), a 
weighted averaging technique has been applied, that is proposed by D. Nguyen (2017) [35], 
and expressed as below: 
𝑻𝒓𝒆𝒑 =
∑ 𝑻𝒊 × 𝒑𝒊
𝟔
𝒊=𝟏
∑ 𝒑𝒊
𝟔
𝒊=𝟏
 
Equation 3-2 
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Where: 
𝑇𝑟𝑒𝑝 - Representative concrete temperature 
𝑇𝑖 - Temperature reading from ith thermocouple 
𝑝𝑖 - Weighting factor for temperature readings of ith thermocouple, specially (for the case 
where 6 sensors are applied): 
 At concrete core, 𝑝𝑖 = 1.35 
 At concrete surface, 𝑝𝑖 = 1.51 
Once the representative temperatures at the centre and the middle of the specimen are 
determined, the average of the two is used to determine overall representative temperature of 
the concrete specimen. 
3.2.3.1 Improved Thermocouple and Calibration 
The measurement of representative concrete temperature is optimised by employing improved 
thermocouples made during the study. This is accomplished by introducing an additional 
register on a 1-wire parasite power digital thermometer, LM35D, for data filtering, so higher 
accuracy and lesser noise (i.e. ~0.1°C compare to ~0.75°C for commercial sensors) are 
achieved. Figure 3-6 (a) shows the improved thermocouple employed in this study. 
 
 
(a)                                                              (b)   
Figure 3-6. (a) Improved thermocouple employed in this study and (b) Calibration of thermocouples 
 
Once a bundle of thermocouples (36 thermocouples) are prepared, the appropriate liquid 
electrical tape (sufficient to withstand high concrete temperature about 90 degrees) is applied 
then cured for 24 hours to provide efficient waterproof. The waterproof test is then conducted 
Register 
Reference calibrator 
with high accuracy 
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by submerging the thermocouples into the water at 60°C for 30 minutes and, at the same time, 
temperature measurement of each thermocouple was monitored to ensure all the sensors are 
functioning properly. These processes were repeated two to three times to ensure all the 
thermocouples have complete waterproof. 
 
After the waterproof test, calibration is taken by placing all the thermocouples into the metal 
box as well as a reference calibrator, which has a very high accuracy of temperature 
measurement. The box is placed into an oven set to 60 degrees then 100 degrees. Once the 
oven temperature is measured by the thermocouples, calibration is taken with respect to the 
reference temperature measured by the calibrator. Figure 3-6 (b) shows the setup of the 
thermocouple calibration. 
 
3.3 Mix Design 
In this thesis, one of the commonly used normal strength concrete mix design in Australia has 
been studied; that has 28-day characteristic compressive cylinder strength (f’c) of 45MPa and 
slump of 80mm. The water-to-cementitious material ratio was 0.41. A general purpose (GP) 
cement – Type 1 Class N was employed and its chemical composition is given in Table 3-1.  
 
 
A brief summary of the ingredients used for the concrete mix design is given in Table 3-2. 
The quantity of ingredients are prepared to provide one specimen for TSTM and three 
standard cylinders (Diameter=100mm, Height=200mm). For tests, when more than three 
cylinders were required to obtain compressive strength at different ages, the mix proportion 
were multiplied by a factor to ensure the property of concrete as well as water-to-cement ratio 
remain the similar as possible. 
 
 
 
 
Table 3-1. Chemical composition of cement used in this study [35] 
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Table 3-2. Concrete mix design 
 
Design 
Parameter 
Input Unit 
f'c 45 MPa 
w/c 0.41 - 
Slump 80 mm 
No. of Mould 1 - 
No. of Cylinders 3 - 
Ingredient Input Unit 
Cement 6.9 kg 
Fly-Ash 1.7 kg 
10mm Aggregate 14 kg 
Coarse Sand 5.3 kg 
Fine Sand 3.9 kg 
Water 3.6 kg 
Superplasticizer 10.5 ml 
Water Reducer 3.8 ml 
 
 
3.4 Testing Procedure 
Testing procedure followed to study early age concrete using temperature-stress test machine 
is subdivided into four major procedures; 1. Pre-test preparation, 2. Concrete mixing and 
placement, 3. TSTM operation and 4. Post-test Disassembling. In this section, a brief 
explanation of each procedure is given.  
3.4.1 Pre-Test Preparation 
1. Ingredients including cementitious materials, aggregates and sand are prepared and 
cured naturally in concrete laboratory 1-2 days prior to mixing to ensure the initial 
moisture content, especially in aggregates and sand, is dried. Once the ingredients are 
dried, the weight is re-scaled to the right proportion. Water, water reducer and 
plasticizer are prepared before the mixing starts. 
2. Concrete mould is prepared before the concrete mixing. To prepare, the aluminium 
plates and the steel heads are cleaned then multi-purpose lubrication oil is applied on 
all the inner surfaces to minimize the friction. In addition to the restraint specimen test, 
Lithium complex EP grease is also applied on interface between moveable head and 
bottom plate to ensure friction effect is minimized while load is applied on the 
specimen. After that, two layers of plastic film is used to cover the mould to achieve 
ease of specimen removal after test as well as corrosion protection. Once the mould is 
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ready, two wire-frames with thermocouples attached are placed on the mould; first one 
placed closed to the moveable head and the second one placed at middle of the mould. 
In this study, two thermocouples are used for each wire-frame so corresponding 
weighting factor for each thermocouple is employed. For detail information about 
thermocouple installation, section 3.2.3 is referred. Figure 3-7 shows the finalisation 
of the concrete mould preparation. 
 
Figure 3-7. Finalisation of concrete mound preparation 
 
3. Test equipment including heater and chiller, laser sensor and all other components of 
TSTM are pre-checked to avoid any experimental mistakes and ensure the reliability 
of the test as well as safety. 
3.4.2 Concrete Mixing and Placing 
1. Concrete mixing has been carried in accordance with AS 1012.2 [6]. A medium 
rotating mixer (maximum capacity of 70 litres) was cleaned with wet rag to avoid loss 
of moisture while mixing. Then, all the ingredients prepared are placed onto the mixer. 
The order of placement was followed by AS 1012.2 [6], that the aggregate and sand 
were mixed at first, cementitious materials and then water (mixed with water reducer). 
The time of water placement was recorded. The superplasticizer was placed gently at 
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around 50 seconds after placing water. The applied mixing time was followed by AS 
1012.2 [6]. 
2. Once the mixing is completed, a slump test was conducted to check whether the 
concrete mix has design slump value of 80mm. After the slump test, the mix is placed 
back to the mixer and rotated for few seconds. Concrete mix is then transported to the 
test room using a scissor-lift trolley. 
3. Concrete mix is directly placed onto the mould initially up to half of depth, then 
compacted by rodding, following AS 1012.3.1 [5]. The rest of depth is filled and then, 
this time, vibrator is employed to compact. Special care near wire-frames has been 
carried to avoid disruption. Once the placement is completed, top surface was 
flattened by using wooden trowel. For the free-restrained concrete specimen test, the 
moveable head is disconnected to the load cell and a small steel plate is used to block 
the end of the mould. This is shown in Figure 3-8. 
 
Figure 3-8. Steel plate used to block the end of concrete mould for a free-restrained specimen 
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4. Top plate with inner surface covered by plastic film is placed on the mould. Following 
that, vertical invar bars are embedded at each ends. To ensure the accurate position of 
the bars, Teflon rings are introduced at designated holes on the top plates. Again, the 
vibrator is used to compact the concrete surrounding the bars. After the bar 
embedment, two bolts were embedded on head surface at each ends for the removal of 
the specimen after the test. A timber cover with insulation is positioned on the timber 
frame to provide complete-insulation to prevent heat loss from mould to surrounding. 
Figure 3-9 shows the concrete placed on the mould and setup of invar bars, top plate 
and the bolts on each surface on heads.  
 
Figure 3-9. Concrete placement on the mould and setup of invar bars, top plate and bolts on two 
heads 
 
5. Steel frame with displacement sensors installed is placed at the top of timber frame, 
and then the position of laser sensor and LVDT at each end are carefully adjusted to 
ensure the displacement range is within the boundary limit. This is done while 
monitoring the displacement on the software. 
6. At last, test configuration including the design temperature profile and offset are set. 
The concrete specimen is then cured for designed curing time prior to operate the 
TSTM. 
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3.4.3 TSTM Operation 
1. Test configuration is double-checked an hour before the test. The functionalities of the 
thermocouples, heater and chiller, and step motor are also pre-checked before running 
the test. 
2. Start running the special in-house designed software, which records the time, concrete 
temperature (measured by each thermocouple) and water temperature, displacement 
(measured by laser sensor and LVDT at each end) and restrained force (measured by 
load-cell) simultaneously. To help monitoring the test progress and ensure safety, a 
remote-control software, known as TeamViewer, is utilized. 
3.4.4 Post-Test Disassembling and Data Collection 
1. Once the test is completed, the software and all the devices were stopped. Laser 
sensors and LVDTs were disconnected, then steel frame, timber cover and aluminium 
plates were gently removed. To facilitate the removal, the load cell was released from 
the moveable head. 
2. Concrete specimen is then lifted vertically using two ratchet straps connected to the 
embedded bolts at two heads. 
3. Invar bars are carefully removed from the specimen by using hammer and chisel, with 
special care to prevent deflection the bars. 
4. Test result is collected from the software for the data analysis 
 
3.5 Cylinder Compression Test applying Strain Gauges 
In order to obtain the development history of compressive strength and compressive Young’s 
modulus of the concrete specimens, compression tests at different ages were conducted 
applying strain gauges. In this section, the cylinder preparation as well as testing procedure, 
and the test results are given. 
3.5.1 Cylinder Preparation 
Prior to conduct compression test, first of all, the concrete cylinders are taken out from the 
curing room, and then dried for 24 hours. After that, two positions with less pores and 
opposite to each other are marked using special tools, and then smoothed using sand papers. 
Special care is taken to avoid enlargement of the pre-existing pores. The stain gauges 
(length=60mm) are placed on the cleaned table, then a special tape is used to cover on the top 
of gauges for vertical attachment on the smoothed surface. The CN-E cyanoacrylate adhesive 
is applied to glue the gauges on the cylinder. A small block is then used to press the gauge for 
3 minutes to ensure proper attachment is made. After two gauges are attached, a set of copper 
wires is soldered for each gauge, then connected to alternate computer to record the 
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displacement. Again, an additional tape is used to provide effective attachment of the gauges 
while compression is running. Figure 3-10 shows the steps involved to prepare the cylinders 
with strain gauge attachment. 
 
 
 
3.5.2 Testing Procedure 
Prior to conduct the compression test, a cyclic load is applied on the specimen, in accordance 
with AS 1012.17 [2], to ensure the seating of gauges. The load is applied for three times at a 
load rate of 15 ±2 MPa/min. Then compression test is conducted applying a load rate of 20 ±2 
MPa/min in accordance with AS 1012.9 [4]. Figure 3-11 shows cylinder compression test 
with strain gauge attached on the surface. 
Figure 3-10. Preparation of cylinder applying strain gauges 
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Figure 3-11. Cylinder compression test with strain gauge attached on the surface 
 
The Young’s modulus is then determined, according to AS 1012.17 [2], from the expression 
given as below: 
𝑬 =
(𝑮𝟐 − 𝑮𝟏)
(𝜺𝟐 − 𝟎. 𝟎𝟎𝟎𝟎𝟓)
𝑴𝑷𝒂 
Equation 3-3 
Where: 
𝐺1 – Applied load at a strain of 50x10
-6 divided by the cross-sectional area of the unloaded 
specimen [MPa] 
𝐺2- Test load, divided by the cross-sectional area of the unloaded specimen [MPa] 
𝜀2 – Deformation at test load, divided by the gauge length [10
-6 m/m] 
3.5.3 Result 
The compression test results for each test series are presented in this section. By assuming the 
consistency of the concrete specimens due to same mix designs and similar curing conditions 
applied, all the test results are plotted onto a graph, thereby the approximate development of 
the compression strength and the compressive Young’s modulus is observed. Figure 3-12 and 
Figure 3-13 show the approximate development of the compressive strength and compressive 
Young’s modulus, respectively. A summary of the compression test results is given in Table 
11-1 in Appendix 10.1. 
Strain Gauge 
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Figure 3-12. Development cylinder compressive strength 
 
 
Figure 3-13. Development of compressive Young’s modulus 
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According to the Figures 3-12 and 3-13, some of remarkable points are observed as 
summarised as below: 
- Compressive strength of age about 28 days resulted from D tests are approximately 
47.6MPa, which is close to the design compressive strength value of the mix (i.e. 
45MPa); 
- Overall compressive strength results obtained from L tests are relatively large. In fact, 
the compressive strength obtained at age of 14 days (L4) already reached 52.2MPa, 
that is larger than designed 28-day compressive strength of 45MPa; 
- Estimated compressive strength development, based only on L tests, tends to continue 
increase significantly after 28 days. On the other hand, the estimated compressive 
strength development based on all test results seem to provide better estimation than 
the one based only on L tests. However, neither estimations provide reasonable trend 
of compressive strength development at early age, therefore such estimations are not 
further studied; 
- Development of compressive Young’s modulus shows similar trend to that of 
compressive strength, such that it rapidly increases during early age, then grows at 
slow rate and stabilizes at later age. This development trend follows very well to the 
literature [1]; 
- Again, compressive Young’s modulus obtained from L tests is relatively higher than 
those from D tests. However, for comparison of Young’s modulus obtained from 
cylinder compression test and TSTM test in Chapter 6, the estimated development of 
compressive Young’s modulus based on all tests, with Young’s modulus studied, are 
employed; 
- Overall, the values of the compressive strength and the compressive Young’s modulus 
obtained from L tests are relatively higher than the one obtained from D tests. One of 
the main reasons could be due to higher moisture content in aggregates and sand, after 
the curing time (1-2 days) before mixing, caused significant influence on early age 
property development 
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3.6 Isolation of Thermal Components from Raw Data 
In order to study the zero-thermal stress temperature, the isolation of thermal stress from total 
stress, measured from TSTM, is important. To give brief explanation of the principle applied 
in thermal component isolation, a saw-toothed concrete temperature profile and the resultant 
total stress and strain graphs are shown in Figure 3-14.  
 
In this study, saw-tooth shape is applied for all varying temperature profiles, except for the 
constant concrete temperature profile. The benefit of the saw-toothed temperature profile, in 
other words the application of temperature step, is that it allows to separate thermal and non-
thermal effect at every increment/decrement and stable portions of the temperature step. The 
temperature step has three major points, where the temperature: 1. Starts to increase/decrease, 
2. Starts to stabilize and 3. Ends to stabilize. This is shown in Figure 3-15.  
Figure 3-14. Method of isolation of thermal components from total stress and strain result; (a) Concrete 
temperature profile, (b) Total and thermal stress graph and (c) Total and thermal strain graph 
(a) 
(b) 
(c) 
Thermal strain Non-thermal strain 
Thermal stress 
Non-thermal stress and 
Relaxation 
Start of temperature step 
Temperature stabilizes 
Start of temperature step 
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In every temperature steps, the stress portion, where the concrete temperature starts to quickly 
increase/decrease and reaches stabilization point (1 to 2), is dominated by thermal effect. 
During this period, the effect of non-thermal components such as shrinkage, creep and 
relaxation is considerably small, therefore the stress portion represents the thermal stress. On 
the other stress portion where the concrete temperature is stable (2 to 3), the variation of the 
stress is caused by the non-thermal components, mostly autogenous shrinkage and relaxation 
[35]. Therefore, the thermal stress graph is expected to increase/decrease when concrete 
temperature increase/decrease, and stabilize when concrete temperature stabilizes. The 
isolated thermal stress is shown in Figure 3-14 (b). 
 
Similarly, the corresponding strain portion right before the strain recovery represents the 
thermal strain in the case of restrained specimen test. Again, the effect of shrinkage and creep 
is considerably small, therefore these non-thermal components are neglected. On the other 
strain portion where the concrete temperature is stable so the thermal effect is assumed to be 
zero, the concrete deformation is caused mostly by autogenous shrinkage and creep [32]. The 
resultant thermal strain graph, which behaves in a similar manner to thermal stress graph, is 
shown in Figure 3-14 (c).  
 
In the case of free-restrained specimen test, the thermal strain can be isolated in similar 
approach to the restrained specimen test. Since the restrain stress is zero, the creep is 
neglected. Therefore, the non-thermal deformation is caused mostly by the autogenous 
shrinkage. Figure 3-15 represents an example of saw-toothed concrete temperature profile and 
the corresponding thermal deformation and autogenous shrinkage in a free-restrained 
specimen. 
Figure 3-15. Thermal deformation and autogenous shrinkage in a free-restrained specimen [35] 
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3.7 Determination of Creep 
In order to determine creep in restrained concrete specimen, a companion concrete specimen 
of the same mix design is tested under ideally same testing conditions (i.e. concrete 
temperature profile, test initiation time, etc) except free-restrained condition. As a result, the 
two identical concrete specimens behave differently due to different restraint conditions. 
 
For the restrained concrete specimen, the concrete deformation is constantly recovered 
according to chosen degree of restraint. When the concrete deformation is recovered, the axial 
restrained stress is induced, and this stress accumulates over time depending on the concrete 
deformation. Such accumulated stress influences the accumulated restrained strain due to 
creep effect. This accumulated restrained strain,  𝜀2, is expressed as: 
𝜀2 = 𝜀𝑇 + 𝜀𝑠ℎ + 𝜀𝑐𝑟 
Equation 3-4 
Where: 
𝜀𝑇 – Thermal strain; 
𝜀𝑠ℎ - Shrinkage strain; 
𝜀𝑐𝑟 – Creep strain; 
 
For free-restrained concrete specimen, the deformation is free to occur without inducing any 
stress. Therefore, the concrete deformation is dependent on the temperature effect and the 
shrinkage components. The free strain, 𝜀1, is then expressed as: 
𝜀1 = 𝜀𝑇 + 𝜀𝑠ℎ 
Equation 3-5 
 
Since both concrete specimens under restrained and free-restrained conditions are covered by 
insulation to prevent moisture interaction with surrounding, drying shrinkage is neglected. 
Therefore, the shrinkage strain is assumed to be equal to autogenous shrinkage, that is: 
𝜀𝑠ℎ = 𝜀𝑎 
Equation 3-6 
Where: 
𝜀𝑎 – Autogenous shrinkage strain 
 
The creep strain is then determined by comparing the free strain, 𝜀1 , and accumulated 
restrained strain,  𝜀2, expressed as: 
𝜀𝑐𝑟 = 𝜀1 − 𝜀2 
Equation 3-7 
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This method of creep determination is first introduced by K. Kovler (1994) [27]. A summary 
of the testing procedure is schematically represented in Figure 3-16.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-16. Method of creep determination [35] 
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4. RESULTS 
The results obtained from the TSTM tests are presented in this chapter. The analysis of the 
test results are discussed in Chapter 6. For more results obtained from the tests, Appendix 9.2 
is referred. 
 
4.1 Test Series 
A summary of test series conducted as well as actual parameter values is presented in Table 5-
1. As discussed in section 3.3, one particular concrete mix design (f’c=45MPa & 
slump=80mm) has been employed for all test series, therefore ideally similar early age 
properties under similar testing conditions are expected. To verify the consistency of the 
concrete specimens, the 28-day characteristic compressive strengths and slump values are 
compared. 
All the test series were conducted in an air-conditioned room with stable temperature of 22-
25°C and humidity of 50-55%.  
 
Table 4-1. Summary of test series 
 
Test ID 
f'c_28 day 
(MPa) 
Slump 
(mm) 
Density 
(kg/m3) 
Degree of 
Restraint 
(%) 
Curing 
Temperature 
(°C) 
Peak 
Temperature 
(°C) 
D2 48.6 100 2,387 100 23 50 
D3 48.6 90 2,395 100 23 48 
D4 47.5 85 2,385 100 23 43 
D5 46.5 95 2,377 100 22 43 
D6 45.9 80 2,358 100 22 43 
D7 44.7 120 2,379 0 22 43 
D8 52.4 90 2,364 0 22 43 
L3 54.5 141 - 0 22 45 
L4 - 116 2,407 0 22 25 
L5 - 120 - 100 22 45 
Notation: 
D# - TSTM test conducted with D. Nguyen, a UQ PhD student 
L# - TSTM test conducted with L. Li, a UQ PhD student 
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4.2 Results 
In this section, the results obtained from the tests, D2~8, are presented. The total stress and 
strain, measured from the TSTM, and the thermal stress and strain, isolated using method 
described in section 3.6, are presented in separate plots. Again, more tests results are given in 
Appendix 9.2. 
4.2.1 Tests: D2, D3 and D4 
The concrete specimens used in tests, D2, D3 and D4, were under restrained conditions. The 
crack appeared at age less than two days. On concrete temperature graph, a reference 
temperature profile studied by Bjontgaard (2011) is also plotted for data verification, which is 
discussed in Chapter 5. The test results are analysed and discussed in Chapter 6. 
4.2.1.1 Raw Data 
 
 
Figure 4-1. Concrete temperature profiles in tests, D2, D3 and D4 
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Figure 4-2. Total strain measured in tests, D2, D3 and D4 
 
 
Figure 4-3. Total stress measured in tests, D2, D3 and D4 
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4.2.1.2 Thermal Strain and Thermal Stress 
 
 
 
Figure 4-4. Thermal strain determined in tests, D2, D3 and D4 
 
 
 
 
Figure 4-5. Thermal stress determined in tests, D2, D3 and D4 
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4.2.2 Tests: D5 and D6 
The concrete specimens used in tests, D5 and D6, were under restrained conditions. This time, 
the specimens were tested for longer duration so development of early age properties after 
mixing are further studied. From D5, various temperature cycles were tested to simulate 
diverse situations, where actual concrete structures experience. Again, reference temperature 
profile studied by Bjontgaard (2011) is plotted. 
4.2.2.1 Raw Data 
 
 
Figure 4-6. Concrete temperature profiles in tests, D5 and D6 
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Figure 4-7. Total strain measured in tests, D5 and D6 
 
 
Figure 4-8. Total stress measured in tests, D5 and D6 
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4.2.2.2 Thermal Strain and Thermal Stress 
 
 
Figure 4-9. Thermal strain determined in tests, D5 and D6 
 
 
Figure 4-10. Thermal stress determined in tests, D5 and D6 
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4.2.3 Tests: D7 and D8 
The concrete specimens used in tests, D7 and D8, were under free-restrained conditions. Both 
specimens are the companion specimens to the one used in tests, D6 and D5, respectively. 
The primary objective of testing the companion specimens under the same testing conditions 
applied in tests, D6 and D5, is to determine creep in the restrained specimens. The method of 
creep determination is described in section 3.7. 
It is important to note that, the concrete temperature profile measured from D7 was slightly 
different (caused by technical problem) to D6, such that instant peak temperature was 
measured at the end of every temperature increment/decrement. Although such difference was 
measured, the resultant data is employed to study creep, which is discussed in Chapter 6. 
4.2.3.1 Raw Data 
 
 
Figure 4-11. Concrete temperature profiles in tests, D7 and D8 
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Figure 4-12. Total strain measured in tests, D7 and D8 
 
4.2.4 Crack Appearance 
Figure 5-13 shows a typical position nearby fixed head, where the crack (shown in red circle) 
was observed from most of the specimens tested under restrained condition. This could be due 
to relatively greater degree of restraint near the fixed head compare to the moveable head, 
where infinitesimal portion of the concrete specimen is allowed to deform. As a result, the 
induced tensile stress during contraction phase may concentrate near the fixed head and 
reaches tensile capacity. 
 
Figure 4-13. Concrete crack appeared at fixed head 
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5. ANALYSIS AND DISCUSSIONS 
In this chapter, the results obtained from TSTM tests are analysed and briefly discussed. 
Firstly, the newly proposed zero-thermal stress temperature is observed to understand its 
evolution over time with respect to concrete temperature and potential implication to early age 
thermal cracking risk. Following that, the early age properties and deformations are analysed 
to provide better understanding of early age concrete behaviours. 
 
5.1 Zero-thermal Stress Temperature 
Zero-thermal stress temperature is studied from two restrained tests, D5 and D6, which are 
tested under similar testing conditions. The main difference between the two tests is the initial 
time of loading; D5 started at 27 hours from mixing and D6 started at 9 hours from mixing. 
5.1.1 Analysis and Discussion of Result 
The concrete temperature profiles and the measured total stress as well as isolated thermal 
stress data are employed to determine Tz-thermal and Tz-total for each test. The resultant Tz-thermal 
and Tz-total, and concrete temperature profiles (shown in grey) are plotted in Figure 6-1. As a 
reference, the Tz-thermal and Tz-total are also determined based on test results obtained by 
Bjontegaard (2011) [9] and plotted on the same figure.  
 
 
Figure 5-1. Zero-total stress temperature and zero-thermal stress temperature obtained from D5 and D6 
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From comparison of the Tz-thermal and Tz-total obtained in this study and reference, it is shown 
that Tz-total is found after the peak concrete temperature is reached, and its value is lower than 
the peak temperature. Also, the Tz-thermal is observed after the first Tz-total is found, and the 
same behaviour is found in every test results. This verifies that the zero stress temperatures 
obtained in this study are reliable and accurate. 
 
Based on the Figure 6-1, the analysis and discussion are summarised as below: 
- Overall Tz-thermal evolution follows similar trend to the concrete temperature, which 
means the increase/decrease of concrete temperature results increase/decrease of Tz-
thermal. Therefore, the Tz-thermal significantly depend on the concrete temperature. This 
indicates the possibility of early age thermal crack control by controlling the concrete 
temperature, thereby Tz-thermal and thermal stress. 
- Initiation time of thermal loading significantly influenced the magnitude of the Tz-
thermal. This is shown that, the difference of 18 hours resulted about 10°C reduction of 
Tz-thermal in D5. 
- In both tests, D5 and D6, the Tz-thermal are obtained after the first peak concrete 
temperature and Tz-total are met, thereby the values of initial Tz-thermal are lower than Tz-
total. This indicates that the Tz-thermal is purely based on thermal components. 
- Tz-thermal at heating phase is greater than that at cooling phase. This is due to different 
effect of early age concrete properties (such as coefficient of thermal deformation and 
Young’s modulus) at different phases.  
A significant difference in the value of Young’s modulus and coefficient of thermal 
deformation at heating/cooling phases, or in other aspects compression/tension, are 
reviewed in the literatures [24, 35, 37]. This phenomenon is also observed and 
discussed in this study. 
- Tz-thermal at extreme temperature cycles, tested in D5, are not significantly influenced 
by extreme temperature condition. However, the difference between Tz-thermal and Tz-
total became considerably larger. This is thought to be caused by the accumulation non-
thermal stress components, such as autogenous shrinkage, makes larger difference 
between Tz-thermal  and Tz-total. 
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5.2 Young’s Modulus 
In this section, the method to determine Young’s modulus from test result is briefly described, 
and following that, the determined Young’s modulus based on tests, D5 and D6, are presented 
on a same figure. For comparison, the cylinder compressive Young’s modulus data obtained 
from section 3.5 is also plotted on the same figure. Furthermore, the development of Young’s 
modulus in compression and tension, in other aspects heating/cooling phases, are observed. 
5.2.1 Determination of Young’s Modulus 
To determine Young’s modulus from the test results, the stress and strain data at each 
recovery step are extracted. Following that, the difference of stress and strain values, between 
the point where the displacement stabilizes and where load initially activates, are determined, 
and then divided to obtain the Young’s modulus. The Young’s modulus is expressed as: 
𝐸 =
∆𝜎
∆𝜀
 
Equation 5-1 
Where: 
𝐸 – Young’s modulus; 
∆𝜎 – Instantaneous stress portion; 
∆𝜀 – Instantaneous strain portion 
 
For separate study of compressive and tensile Young’s moduli, each recovery step is pre-
identified to determine whether it is in compressive or tensile phase. Similar approach is 
applied to study coefficient of thermal deformation in expansion and contraction phases. 
5.2.2 Analysis and Discussion of Result 
Young’s moduli obtained at each recovery step in tests, D5 and D6, are plotted in Figure 6-2. 
As shown in the figure, the Young’s moduli in different phases; compressive/tensile or 
heating/cooling, are plotted as well as estimated cylinder compressive Young’s modulus 
development. 
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Figure 5-2. Young’s modulus obtained from D5 and D6 
 
Based on the Figure 6-2, the analysis and discussion are summarised as below: 
- Both compressive and tensile Young’s moduli obtained from TSTM tests are 
significantly lower than that obtained from standard cylinder compression test. This is 
thought to be caused by relatively slow loading rate applied in TSTM results large 
displacement of concrete specimen, thereby lowering the Young’s moduli. 
The influence of load rate on the magnitude of Young’s modulus is reviewed in 
literature (i.e. faster loading rate results less strain, thereby increase Young’s modulus) 
[33]. 
- Slight difference between compressive and tensile Young’s moduli is observed. 
However, the greater Young’s moduli of which is difficult to be distinguished. This 
observation of Young’s modulus at early age does not agree well to the result obtained 
by Hagihara et al. (2000), who reported that the Young’s modulus in tension was 
found to be 15% higher than in compression, referred in [24]. Similarly, Atrushi 
(2003) found 11% higher Young’s modulus in tension than compression, referred in 
[24] 
 
 
 
 
 
0
10
20
30
40
50
60
70
80
90
100
0 20 40 60 80 100 120 140 160 180
Y
o
u
n
g
's
 M
o
d
u
lu
s 
(G
P
a
)
Age from mixing (hour)
Compressive and Tensile Modulus of Test D5 and D6
Compressive Modulus - D5
Tensile Modulus - D5
Compressive Modulus - D6
Tensile Modulus - D6
Cylinder Compressive Modulus
Estimated Cylinder Compressive Modulus
69 
 
5.3 Coefficient of Thermal Deformation 
The coefficient of thermal deformation obtained from tests, D5, D6 and L4 are presented in 
this section. The difference between tests, D5 and D6, and L4 is that realistic concrete 
temperature profiles are applied in tests, D5 and D6, but non-realistic concrete temperature 
profile in a range of 17-25°C is applied in L4. Therefore, at the end of this section, the 
influence of concrete temperature history on the variation of coefficient of thermal 
deformation, thereby thermal deformation, is provided. Moreover, difference of the 
coefficient of thermal deformation in different phases (heating and cooling) is also studied. 
For reference, the thermal deformation coefficients of concrete obtained by Bjontegaard 
(2011) [9] are also plotted on Figure 6-3. Since the reference concrete mix employed similar 
w/c employed in this study (i.e. w/c=0.4), the coefficients obtained in this study and reference 
are compared. The reference concrete temperature is given in Figure 5-6. 
For further information, the variation of the coefficient of thermal deformation of a specimen 
tested under realistic concrete temperature profile and free-restrained condition is presented in 
Figure 9-3 in Appendix 9.2. Despite a significant difference is observed, further analysis and 
discussion is not covered in this thesis. 
5.3.1 Determination of Coefficient of Thermal Deformation 
In order to determine coefficient of thermal deformation from test result, a similar approach to 
determine Young’s modulus is applied. The concrete temperature and thermal strain data at 
each temperature increment/decrement portion of temperature step are extracted, then the 
difference of temperature and thermal strain values, between the point where the temperature 
stabilizes and where temperature starts to increase/decrease, are determined. The difference of 
the thermal strain and the difference of temperatures are then divided to determine coefficient 
of thermal deformation. 
The coefficients at heating and cooling phases, namely coefficient of thermal expansion and 
contraction, are studied by considering concrete temperature increase/decrease at each 
temperature steps. 
5.3.2 Realistic Temperature Profile 
The coefficients of thermal deformation obtained from tests, D5 and D6, under realistic 
temperature profile (i.e. saw-toothed variation of temperature cycle) are presented in Figure 6-
3. For reference, the thermal deformation coefficients of concrete mix (w/c=0.4) obtained by 
Bjontegaard (2011) [9] are also plotted on the same figure. 
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Figure 5-3. Coefficient of thermal deformation obtained from D5 and D6 
 
Based on the Figure 6-3, the analysis and discussion are summarised as below: 
- Average value of the coefficient of thermal deformation lies in a range between 10−5 
and 1.5 × 10−5
𝜀
°𝐶
. This is slightly greater than the typical value of 10−5
𝜀
°𝐶
. 
- Coefficients of thermal expansion, obtained from D6, initially decreases and then 
increases. Similar behaviour and magnitudes are observed from reference coefficients.  
This verifies the reliability of the determination of coefficients in this study. This is 
thought to be caused by, the rise of concrete temperature increases the speed of 
hydration process at very early age and, eventually, decreases the thermal 
deformation. 
- From restrained concrete specimen test with realistic temperature profile, a 
considerable difference between coefficient of thermal expansion and contraction is 
not observed. This does not agree well to the conclusion made by Lofkvist (1946), 
who found that the coefficient is lower in cooling phase than in the heating phase of 
the hydration [37]. Also similar behaviour was observed by Emborg (1989) [37]. This 
is thought to be caused by application of complicated concrete temperature profile, 
which influences the hydration process irregularly. 
5.3.3 Non-realistic Temperature Profile 
The coefficients of thermal deformation obtained from L4 applying non-realistic temperature 
profile (i.e. not saw-toothed temperature variation) are presented in Figure 6-4. The concrete 
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temperature profile of L4 is presented in Figure 9-5 in Appendix 10.2.5. As shown in the 
Figure 9-5, the concrete temperature profile regularly increases to 25°C and decreases to 17°C 
within 1.5-2 hours interval. It is noted that, due to experimental problem, some of data are 
missed. Again, the coefficients are presented in different phases, expansion and contraction. 
 
Figure 5-4. Coefficient of thermal deformation obtained from D5 and D6 
 
Based on the Figure 6-4, the analysis and discussion are summarised as below: 
- Coefficients of thermal expansion obtained from non-realistic concrete temperature 
profile (regularly shaped) initially decreased until age of 60 hours, then increased. 
This increase after the peak is, similarly, observed on the reference coefficients. Also, 
the coefficients of thermal contraction showed increase behaviour over time. 
This gradual increase is due to gradual loss of relative humidity by hydration process. 
- Coefficients of thermal expansion are remarkably higher than coefficient of thermal 
contraction. This indicates that, if the early age concrete is heating phase, especially 
when heat of hydration is significantly high at very early age, it tends to expand, 
thereby relatively larger compressive restraint stress results but not considered as 
serious problem (since cracking is tensile failure). 
- Average value of the coefficient of thermal deformation is close to 10−5
𝜀
°𝐶
 
 
By comparing the coefficient of thermal deformation obtained from the two different concrete 
temperature profiles; realistic and non-realistic temperature profiles, it is concluded that the 
concrete temperature profile has significant influence on the variation of coefficients. 
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5.4 Autogenous Shrinkage 
In this section, autogenous shrinkage strains determined from free-restrained tests, D7 and D8, 
are briefly discussed. The method of autogenous shrinkage determination is briefly described 
in the following section. Furthermore, the comparison of the existing estimation models of 
autogenous shrinkage strain is discussed in later section to emphasize the necessity of 
improvement on model to achieve better estimation of autogenous shrinkage at early ages. 
5.4.1 Determination of Autogenous Shrinkage 
Since all the concrete specimens tested in this study are covered by insulation to prevent 
moisture interaction with surrounding, the dry shrinkage is neglected, thereby non-thermal 
strain represents autogenous shrinkage. Therefore, the autogenous shrinkage is simply 
expressed by rearranging the Equation 3-5, that is: 
𝜀𝑎 = 𝜀1 − 𝜀𝑇 
Equation 5-2 
Where: 
𝜀𝑎 - Autogenous shrinkage strain; 
𝜀1 – Free strain; 
𝜀𝑇 – Thermal strain; 
5.4.2 Analysis and Discussion of Result 
Figure 6-5 and 6-6 show the autogenous shrinkage strains (for few days from mixing) 
determined from the free-restrained tests, D7 and D8, respectively. It is important to note that, 
the autogenous shrinkage before the test initiation is not measured. 
 
 
Figure 5-5. Shrinkage components obtained from D7 
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Figure 5-6. Shrinkage components obtained from D8 
 
Based on the Figures 6-5 and 6-6, the analysis and discussion are summarised as below: 
- From D7, the autogenous shrinkage under variation of concrete temperature 
determined at age of 30 hours is 335µε. The autogenous shrinkage rate becomes 
relatively low after 30 hours, however, still continues to shrink. At age of 70 hours, 
the autogenous shrinkage determined is about 485µε. 
- From D8, the amount of autogenous shrinkage measured from test initiation time to 60 
hours age is about 153µε. Again as previous mentioned, the autogenous shrinkage 
from age mixing is not measured. 
- The concrete specimen tested in D7 experienced larger autogenous shrinkage than in 
D8. This is thought to be caused by earlier thermal loading, which increased the rate of 
autogenous shrinkage at early age.  
- The magnitude of autogenous shrinkage is significantly dependent on the concrete 
temperature, and the thermal deformation. This indicates the possibility of autogenous 
shrinkage control by controlling the concrete temperature, thereby the early age 
cracking risk. 
5.4.3 Comparison of Existing Estimation Models of Autogenous Shrinkage Strain 
To date, a number of estimation models of autogenous shrinkage strain have been proposed. 
Nevertheless, existing estimation models do not provide reasonable estimation of autogenous 
shrinkage strain of early age concretes in many practical situations. In fact, many of the 
proposed models are based on the final autogenous shrinkage strain, which is only dependent 
on the 28-day characteristic compressive strength, and the time in days. However, since the 
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autogenous shrinkage are dependent on many factors, such as temperature, cement types, 
water-to-cement ratio, relative humidity, etc, all of these factors must be taken account into 
the model in order to provide better estimation. 
 
To show the limitation of existing estimation models, the autogenous shrinkage strain is 
determined from free-restrained test, L3, at which constant concrete temperature profile is 
applied, and plotted in Figure 6-7. The constant concrete temperature profile applied in L3 is 
shown in Figure 9-4 in Appendix 10.2.4. Since the concrete temperature is constant so no 
thermal effect is considered, the measured total strain, itself, represents the autogenous 
shrinkage. 
 
 
Figure 5-7. Comparison of existing estimation models of autogenous shrinkage considering result from L3 
 
As shown in the Figure 6-7, none of the estimation models provide accurate estimation of 
autogenous shrinkage. The estimation model proposed by Gilbert (2017) gives closest 
estimation among the others, however still over-estimates the strain. The AS3600 (2009) [3], 
the Australian design standard of concrete structures, does not provide accurate estimation 
either. The autogenous shrinkage model proposed in Japanese standard, known as JSCE 
(2007) [25], is believed to provide better estimation than many other models. This is due to 
additional factors considered in JSCE, such as relative humidity, unit water content, 
temperature adjusted age of concrete, and other factors. However, due to complicated 
formulation of model, its practical applicability is limited. 
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As a consequence, the estimation model of autogenous shrinkage needs to be improved to 
consider important factors in a simple form as much as possible. Therefore, accurate 
autogenous shrinkage can be determined, and the early age crack due to autogenous shrinkage 
is avoided. 
 
5.5 Creep 
The creep of concrete specimens from tests, D5 and D6, are determined and analysed in this 
section. To accomplish determination of creep, the free-restrained companion specimens are 
tested from, D8 and D7, respectively under the sample temperature profiles applied to the 
restrained tests. The detail of the method to determine creep is described in section 3.7. 
5.5.1 Analysis and Discussion of Result 
Figure 6-8 shows the creep strain obtained for specimens in tests, D5 and D6. Again, the 
differences between the two tests are the time when thermal loading initiated and the concrete 
temperature profile are the major difference. 
 
 
Figure 5-8. Creep strain obtained from D5 and D6 
 
Based on the Figure 6-8, the analysis and discussion are summarised as below: 
- Fluctuation of creep, rather than remaining constant value, under variation of concrete 
temperature and subsequent variation of stress is found in this study. Such variation of 
concrete temperature in restrained condition causes variation of restrained stress 
within the concrete and, due to that, the fluctuation of creep is observed. This creep 
behaviour does not follow conventional creep behaviour under sustained load. 
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- Scale-up of creep strain over time is observed from tests, D5 and D6. The creep 
initially varies at small scale, but, greatly varies at later ages. 
5.5.2 Tensile Strength and Tensile Stress/Strength Ratio 
The development of tensile strength of the concrete specimens employed in this study is 
determined from the direct tensile strength test results obtained by Kasai et al. (1971) [1]. 
Since the concrete mix employed in this study uses Type 1-Class N GP cement, w/c of 0.41 
and design slump of 80mm, the concrete specimen is similar to the one, made of ordinary 
Portland cement, w/c of 0.4 and slump of 70mm, presented on the Figure 2-12. Therefore, the 
direct tensile strength development data are extracted from literature and applied to specimen 
employed in this study. 
 
In the Figure 6-9, the total stress results from D5 and D6, and the approximate direct tensile 
strength development are presented. Since crack initiates once the tensile stress reaches tensile 
capacity, the concrete crack is expected when the tensile stress reaches the tensile strength. 
 
 
Figure 5-9. Tensile strength estimated from Kasai (1971) and total stress resulted from D5 and D6 
 
 
It is noted that, since the concrete specimen studied to obtain tensile strength data is not 
exactly the same to the one used in this study, the tensile strength development is not exact. 
This is reason, why the specimen of D6 failed at age of 76 hours but does not reach the tensile 
strength estimation line. 
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According to literature, when the sustained concrete stress is less than about 0.5f’c, creep is 
approximately proportional to the stress and is known as linear creep. At higher stress levels 
creep increases at a faster rate and becomes non-linear with respect to stress. This non-linear 
behaviour of creep at high stress levels is thought to be related to an increase in micro-
cracking [22]. In Eurocode2 [20], a stress/strength ratio of 0.45 is used for the upper limit. 
Furthermore, the principle of superposition for creep strain is only valid under the assumption 
that the creep strain is in proportion to the applied stress (assumption of linearity) [47]. 
Although the concept of stress/strength ratio was initially proposed for compressive creep, the 
principle is applied to tensile stress and strength in this section. 
 
The tensile stress/tensile strength ratios of the specimens from tests, D5 and D6, are 
determined by dividing tensile strength assumed in Figure 6-9. The resultant ratios are plotted 
in Figure 6-10. As shown on the figure, the tensile stress/strength ratio at initial portion and 
some of later portion is below 0.4. However, at some peaks the ratio exceeds 0.4 and 0.5, 
thereby non-linear creep is expected at such peaks. Consequently, at these non-linear creep 
portions, the micro-cracks are expected and, so, there is possibility of further propagation of 
these micro-cracks under external load or temperature variation. 
 
 
Figure 5-10. Tensile stress over tensile strength ratio obtained from D5 and D6 
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5.5.3 Comparison of Creep and Autogenous Shrinkage 
A comparison of the creep strain and autogenous shrinkage strain obtained from the two 
couple of concrete specimens, D6 and D7, is shown in Figure 6-11. 
In the figure, it is shown that the autogenous shrinkage is significantly greater than the creep 
strain in magnitude. Such greater shrinkage strain results significant influence on restrained 
tensile stress development. The creep strain, or in stress perspective, a relaxation is also very 
significant in stress development, and the crack assessment. Further detail is not covered in 
this thesis. 
 
 
Figure 5-11. Comparison of creep strain and autogenous shrinkage strain from D6 and D7 
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6. CONCLUSIONS 
In this thesis, the early age concrete properties as well as a new concept of zero-thermal stress 
temperature are studied employing the newly developed temperature-stress test machine. As 
result, the following major conclusions are made: 
 
1. Tz-thermal evolution follows similar trend to the concrete temperature. Therefore, the Tz-
thermal significantly depend on the concrete temperature. This indicates the possibility 
of early age thermal crack control by controlling the concrete temperature, thereby Tz-
thermal and thermal stress. 
2. Initiation time of thermal loading significantly influenced the magnitude of the Tz-
thermal. Moreover, the Tz-thermal at heating phase is greater than that at cooling phase. 
This is thought to be due to different effects of early age concrete properties (such as 
coefficient of thermal deformation and Young’s modulus) at different phases. 
3. Both compressive and tensile Young’s moduli obtained from TSTM tests are 
significantly lower than that obtained from standard cylinder compression test. This is 
thought to be caused by relatively slow loading rate applied in TSTM results large 
displacement of concrete specimen, thereby lowering the Young’s moduli. This 
indicates the rate of concrete temperature variation, thereby thermal stress rate, may 
influence the effectiveness of the stiffness of young concrete. Therefore, the 
assessment of early age thermal crack becomes more complex. 
4. From restrained concrete specimen test with realistic temperature profile, a 
considerable difference between coefficient of thermal expansion and contraction is 
not observed. However, from restrained test with non-realistic temperature profile, the 
coefficients of thermal expansion are found to be remarkably higher than coefficient 
of thermal contraction. 
5. The magnitude of autogenous shrinkage is significantly dependent on the concrete 
temperature, and the thermal deformation. This indicates the possibility of autogenous 
shrinkage control by controlling the concrete temperature, thereby the early age 
cracking risk. 
6. A fluctuation of creep under variation of concrete temperature and subsequent 
variation of stress is found in this study. Such variation of concrete temperature in 
restrained condition causes variation of restrained stress within the concrete and, due 
to that, the fluctuation of creep is observed. This creep behaviour does not follow 
conventional creep behaviour under sustained load. 
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7. FUTURE RESEARCH 
 For future study, following research topics are recommended to reinforce the conclusions 
made in this thesis: 
 
- Employ diverse range of concrete mix design to study the influence of each 
compositions (cementitious materials, admixtures, water-to-cement ratio) on early age 
properties and deformations 
- Employ different curing conditions and other testing conditions such as curing 
temperature and relative humidity, various mixing conditions, etc 
- Further improvement of displacement system. Replacing LVDTs to laser sensors with 
identical accuracy to the one used in this study, thereby minimizing the noises induced 
by superposition of two measurement with different accuracies. 
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9. APPENDICES 
 
9.1 Cylinder Compression Test 
Table 9-1. Summary of cylinder compression test 
Test ID 
Age from 
mixing (Days) 
Cross-Section 
Area (mm2) 
Compressive 
Strength (MPa) 
Compressive Young's 
Modulus (GPa) 
D2 31 7806.9 48.6 - 
D3 28 7806.9 48.6 - 
D4 28 7869.7 47.5 - 
D5 28 7859.2 46.5 - 
D6 31 7875.0 45.9 33.8 
D7 28 7864.5 44.7 - 
D8 28 7880.2 52.4 34.7 
L3 3 7858.0 33.5 - 
 
7 7854.0 42.0 - 
 
9 7822.6 45.4 33.2 
 
29 7874.9 54.5 37.6 
L4 3 7875.0 34.6 30.6 
 
14 7848.8 52.2 36.6 
L5 21 7869.7 54.5 - 
 
9.2 Test Results 
9.2.1 Test: D5 
 
 
Figure 9-1. Total and accumulated restrained strains obtained from D5 
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9.2.2 Test: D6 
 
 
Figure 9-2. Total and accumulated restrained strains obtained from D6 
 
 
9.2.3 Test: D7 
 
 
Figure 9-3. Coefficient of thermal deformation obtained from D7 
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9.2.4 Test: L3 
 
 
Figure 9-4. Concrete temperature profile applied in L3 
 
9.2.5 Test: L4 
 
 
Figure 9-5. Concrete temperature profile applied in L4 
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9.2.6 Test: L5 
 
 
Figure 9-6. Concrete emperature profile applied in L5 
 
 
Figure 9-7. Total strain obtained from L5 
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Figure 9-8. Total stress obtained from L5 
 
 
Figure 9-9. Total and accumulated restrained strains obtained from L5 
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